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The neuroendocrine system is composed of the interaction between neural and 
endocrine systems responding to environmental stimuli (Fig. 1). The expression and 
release of neurohormones are regulated by physiological conditions (Fig. 1). 
Neurohormones are mainly synthesized as a part of a preprohormone precursor 
containing the signal peptide and neurohormones (Burbach, 2010). After signal 
peptide removal in the endoplasmic reticulum, the prohormone is sorted and packaged 
into vesicles in the Golgi apparatus (Fig. 1). The prohormone in vesicles is then 
subjected to a post-translational modification by co-packaged processing enzymes 
during its axonal transport to terminals (Burbach, 2010). The neurohormone is 
released from axon terminal by exocytosis and involved in physiological function via 
specific receptors of each neurohormone (Burbach, 2010). On the other hand, neurons 
expressing neurohormones form neural neural network by synaptic connections, and 
this neural network modulate the neuroendocrine system (Burbach, 2010). To 
elucidate the peptidergic control circuit of the neuroendocrine system, it is important 
to develop an excellent model that visualizes molecular dynamics and neural network 
of neurohormone. In addition, the molecular basis of post-translational processing of 
neurohormones is remained unclear (Burbach, 2010). Furthermore, it is difficult to 
analyze the neural network because there are few methods to extensively visualize the 
neural network composed of ultrastructure including synapses. In this study, it is 
confirmed the imaging model that visualizes neurohormone in vivo molecular 
dynamics. In addition, application of the special heavy metal stain to 
three-dimensional (3-D) ultrastructural observation enables to perform an effective 
3-D and comprehensive ultrastructure (connectome) analysis. 




cell bodies of hypothalamus and released mainly from the axon terminal projected to 
the posterior pituitary. Released AVP directly modulates peripheral organs via the 
circulation. A transgenic (Tg) rat line which expresses the AVP-enhanced green 
fluorescent protein (eGFP) fusion gene has been generated (Ueta et al., 2005; Fujio et 
al., 2006; Shibata et al., 2007; Suzuki et al., 2009b; Maruyama et al., 2010). 
AVP-eGFP Tg rats provide a unique model for visualizing the molecular dynamics of 
AVP in vivo and for live imaging and/or electrophysiology of identified AVP neurons 
without any specific histological labeling (Ueta et al., 2005; Fujio et al., 2006; Shibata 
et al., 2007; Suzuki et al., 2009b; Maruyama et al., 2010). Previous studies have 
demonstrated that the exposure of AVP-eGFP Tg rats to dehydration induced 
significantly greater expression of GFP in PVN and SON neurons, mirroring to that of 
native AVP (Ueta et al., 2005; Fujio et al., 2006). However, there is no evidence 
whether GFP, an exogenous protein is released into the circulation. Additionally, the in 
vivo molecular dynamics and exocytosis of GFP in response to physiological stimuli 
may differ from those of native AVP, because the molecular size of GFP is much 
greater than AVP (approximately 30 times). In Chapter 1, to study in vivo molecular 
dynamics of neurohormone using AVP-eGFP Tg rats, the in vivo molecular processing 
of AVP-eGFP fusion gene was analyzed, and the physiological response of GFP 
release into the circulation was also verified. 
 The 3-D analysis of anatomical ultrastructures is important in most fields of 
biological research. However, it is considerably difficult to perform a 3-D image 
analysis of exact serial sets of ultrathin sections. Although 3-D reconstruction from 
ultrathin sections has been generally used to obtain 3-D information, this technique is 




difficulties under the transmission electron microscopy (TEM). Since synapses are a 
small structure (submicron order) in neurons, they are only able to be analyzed using 
the TEM. Therefore, the structural analysis of a population of synaptic inputs is 
difficult to perform methodologically and requires a time-consuming analysis at the 
ultrastructural level (Hayworth et al., 2014; Henny et al., 2014; Ohno et al., 2015). 
Because normal TEM has a limitation of specimen thickness which is generally less 
than a hundred nanometers, the structural information in ultrathin sections is mostly 
2-D (Hama & Kosaka, 1981; Sakamoto & Kawata, 2012). It is, therefore, difficult to 
use this approach for visualization of 3-D structures in biological specimens at either 
whole cellular and/or organotypic levels. On the other hand, high-voltage electron 
microscopy (HVEM) has higher penetration power of the electrons due to the 
increased accelerating voltage (~1,000 kV) and enables us to examine thicker sections 
of biological specimens (Sakamoto et al., 2010; Oti et al., 2012). Thus, HVEM should 
be particularly useful to analyze the 3-D ultrastructures of micrometer-sized tissues at 
the nanometer level (volume electron microscopy) (Hama & Kosaka, 1981; Sakamoto 
& Kawata, 2012). Important findings have recently demonstrated that spinal itch 
transmission is independent of pain transmission and relies on gastrin-releasing 
peptide (GRP)/GRP receptor signaling in the dorsal horn of the spinal cord (Sun & 
Chen, 2007; Sun et al., 2009), as well as in the trigeminal sensory system in the 
medulla oblongata (Takanami et al., 2014). These new findings are a major 
breakthrough in this research field (Sun & Chen, 2007; Sun et al., 2009). At the 
ultrastructural level, the spinal dorsal horn contains numerous synaptic connections 
locally that are important in conveying somatosensory inputs from the periphery, 




remains elusive (Takanami & Sakamoto, 2014). In Chapter 2, using an 
immune-HVEM tomography with a high-contrast en bloc staining method, the 
chemical 3-D neuroanatomy of the rat spinal dorsal horn was revealed by 
immunohistochemistry at the ultrastructural level. This new approach also attempts an 











Schematic drawing of the neuroendocrine system. Peptidergic neuromodulators (neurohormone) are 
mainly synthesized as a part of a preprohormone precursor containing a signal peptide and the 
bioactive hormones. After signal peptide removal in the endoplasmic reticulum, the prohormone is 
sorted and packaged into vesicles in the Golgi apparatus. The prohormones in vesicles are then 
subjected to a post-translational modification by co-packaged processing enzymes during the axonal 




















Arginine vasopressin (AVP) is a neurohypophysial hormone synthesized as a part of a 
prepropeptide precursor, containing the signal peptide, AVP hormone, AVP-associated 
neurophysin II and copeptin in the hypothalamic neurosecretory neurons. A transgenic 
(Tg) rat line expressing the AVP-enhanced green fluorescent protein (eGFP) fusion gene 
has been generated. To establish the AVP-eGFP Tg rat as a unique model for an analysis 
of the AVP dynamics in vivo, it was first examined the in vivo molecular dynamics of 
the AVP-eGFP fusion gene, and then the release of GFP in response to physiological 
stimuli. Double immunoelectron microscopy demonstrated that GFP was specifically 
localized in neurosecretory vesicles of AVP neurons in this Tg rat. The stimulation of 
the posterior pituitary with high potassium achieve the exocytosis of AVP 
neurosecretory vesicles containing GFP at the ultrastructural level. Biochemical 
analyses indicated that the AVP-eGFP fusion gene is subjected to in vivo 
post-translational modifications like the native AVP gene, and is packaged into 
neurosecretory vesicles as a fusion protein: copeptin1-14-GFP. Moreover, GFP release 
into the circulating blood appeared to be augmented after osmotic stimulation, like 
native AVP. Thus, it shows that for the first time the in vivo molecular processing of the 
AVP-eGFP fusion gene and stimulated secretion after osmotic stimulation in rats. 
Because GFP behaved like native AVP in the hypothalamo-pituitary axis, and was 
especially released into the circulation in response to a physiological stimulus, the 
AVP-eGFP Tg rat model appears to be a powerful tool for analyzing neuroendocrine 






Arginine vasopressin (AVP) is produced mainly by magnocellular neurosecretory cells 
(MNCs) in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus. 
These MNCs primarily project to the pituitary through the median eminence, and AVP 
is released into the blood circulation from their axon terminals in the neurohypophysis 
and also into the surrounding neuropil from magnocellular dendrites (Pow & Morris, 
1989; Castel et al., 1996; Ludwig et al., 2002). The expression and release of AVP in 
MNCs are regulated by physiological conditions, including the osmotic balance and 
blood pressure (Koshimizu et al., 2012). AVP is synthesized as a part of a prepropeptide 
precursor containing the signal peptide, AVP hormone, AVP-associated neurophysin 
(NP) II and a glycopeptide copeptin (CP) (see Fig. 1A) (Land et al., 1982; Davies et al., 
2003). After signal peptide removal in the endoplasmic reticulum, the propeptide is 
sorted and packaged into neurosecretory vesicles in the Golgi apparatus (Davies et al., 
2003). The AVP propeptide in neurosecretory vesicles is then subjected to a 
post-translational modification by co-packaged processing enzymes during its axonal 
transport to terminals in the neurohypophysis (Davies et al., 2003). In the 
neurohypophysis, the exocytotic release of AVP into blood vessels is induced by Ca2+ 
influx into the axonal terminals by MNC electrical activity evoked by various 
physiological stimuli (Cazalis et al., 1985). However, the molecular dynamics of the 
AVP gene expression and the exocytotic activity from terminals and/or dendrites remain 
unclear in vivo. 
A transgenic (Tg) rat line which expresses the AVP-enhanced green 




2005; Fujio et al., 2006; Shibata et al., 2007; Suzuki et al., 2009b; Maruyama et al., 
2010) (see Fig. 1B). AVP-eGFP Tg rats provide a unique model for visualizing the 
molecular dynamics of AVP in vivo and for live imaging and/or electrophysiology of 
identified AVP neurons without any specific histological labeling (Fujihara et al., 2009; 
Ohbuchi et al., 2009; Suzuki et al., 2009a; Ohbuchi et al., 2010; Todoroki et al., 2010; 
Iwanaga et al., 2011; Moritoh et al., 2011; Ohkubo et al., 2014). Previous studies have 
demonstrated that the exposure of AVP-eGFP Tg rats to dehydration induced 
significantly greater expression of GFP in PVN and SON neurons, mirroring to that of 
native AVP (Ueta et al., 2005; Fujio et al., 2006). Recently, with fiber-optic probes 
‘optrodes’, a rapid increase in green fluorescence has been reported in the 
neurohypophysis of AVP-eGFP Tg rats after intravenous administration of hypertonic 
saline (Yao et al., 2011). The increased fluorescence following an osmotic cue is 
thought to be due to pH changes following eGFP release (Yao et al., 2011). These 
results suggest that, using GFP as a reporter, it may be possible to monitor AVP release 
from the neurohypophysis in vivo in real-time in response to a physiological stimulation 
(Yao et al., 2011). However, the in vivo molecular dynamics and exocytosis of GFP in 
response to physiological stimuli may differ from those of native AVP, because the 
molecular size of GFP is much greater than AVP (approximately 30 times). In this study, 
therefore, using AVP-eGFP Tg rats, it is first examination the in vivo molecular 
processing of AVP-eGFP fusion gene, and verified the physiological response of GFP 
release into the circulation, to establish a unique model for analyses of the AVP 





Materials and Methods 
 
Animals 
AVP-eGFP Tg male and WT male 10- to 14-week-old rats were used in this 
study. The generation of AVP-eGFP Tg rats has been described previously (Ueta et al., 
2005). All pups were screened by PCR analysis of genomic DNA extracted from ear 
biopsies according to the method described previously (Ueta et al., 2005). Heterozygous 
AVP-eGFP Tg and WT littermates (for controls) were bred and housed in two rats per 
cage at 24-26ºC on a 12-hour light, 12-hour dark cycle. All animals used in this study 
were allowed free access to water and rodent chow unless they were part of the 
salt-loading experiment. All experimental procedures were performed in strict 
accordance with guidelines on the use and care of laboratory animals as set out by the 
Physiological Society of Japan and approved by the Ethics Committee of Animal Care 
and Experimentation of University of Occupational and Environmental Health, Japan, 
and have been authorized by the Committee for Animal Research, Okayama University, 
Japan. 
 
Double immunoelectron microscopy 
AVP-eGFP Tg males (n = 4) were deeply anesthetized with ip injections of 50 
mg/kg body weight sodium pentobarbital, and transcardially perfused with 
physiological saline followed by 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 
M phosphate buffer (PB; pH 7.4). The posterior pituitaries were quickly removed and 




dehydrated through increasing concentrations of methanol, embedded in LR Gold resin 
(Electron Microscopy Sciences, PA, USA), and polymerized under UV lamps at –20ºC 
for 24 hours. Ultrathin sections (70 nm in thickness) were collected on nickel grids 
coated with a collodion film, rinsed with phosphate buffered saline (PBS; pH 7.4) 
several times, then incubated with 1% normal goat serum and 2% BSA in 50 mM 
tris(hydroxymethyl)-aminomethane-buffered saline (TBS; pH 7.6) for 30 minutes to 
block non-specific binding. The sections were then incubated with a 1:20 dilution of a 
rabbit mAb against GFP (Cell Signaling Technology Japan, Tokyo, Japan) and 1:150 
dilution of a mouse mAb against AVP-associated NP II (PS41) (Castel et al., 1986) for 2 
hours at 30ºC or 1:200 dilution of a mouse mAb against oxytocin-associated NP I 
(PS60) (Castel et al., 1986) for 1 hour at room temperature. These PS41 and PS60 
antibodies have previously shown to be specific for AVP and oxytocin neurons, 
respectively (Castel et al., 1986; Wang et al., 1995; Sakamoto et al., 2007). After 
incubation with the primary antibodies, the sections were washed with PBS, then 
incubated with a 1:50 dilution of a goat antibody against rabbit IgG conjugated to 5 nm 
gold particles (BBI Solutions, Cardiff, UK) and a goat antibody against mouse IgG 
conjugated to 15 nm gold particles (BBI Solutions) for 1 hour at room temperature. 
Finally, the sections were contrasted with uranyl acetate and lead citrate and viewed 
using an H-7650 electron microscope (Hitachi, Tokyo, Japan) operated at 80 kV. 
 
GFP-immunoprecipitation and Western blotting 
AVP-eGFP Tg (n = 7) and WT (n = 7) males were killed by decapitation under 
deep pentobarbital anesthesia (see above). Pituitaries were quickly removed, placed on 




microscope (Olympus, Tokyo, Japan), snap-frozen immediately in liquid nitrogen, and 
used for GFP-IP. The GFP-IPs were performed using 1/20 posterior pituitary from each 
Tg male with a GFP-Trap-A kit (ChromoTek GmbH, Planegg-Martinsried, Germany; 
using a camel Fab fragment directed against the GFP whole molecule) according to the 
manufacturer’s protocol. The preparations (1/20 posterior pituitary protein/lane before 
IP was subjected in this study) from Tg and WT rats were boiled in 10 µl sample buffer 
containing 62.5 mM trishydroxymethyl-aminomethane-HCl (Tris-HCl; pH. 6.8), 2% 
SDS, 25% glycerol, 10% 2-mercaptoethanol, and a small amount of bromophenol blue. 
These samples were run on a 4-20% SDS-PAGE and electroblotted onto a 
polyvinylidene difluoride membrane (Bio-Rad Laboratories, Hercules, CA, USA) from 
the gel by a semidry blotting apparatus (Bio-Rad Laboratories). The blotted membranes 
were blocked with 3% BSA and 0.05% Tween 20 in TBS (TBST) for 30 minutes at 
room temperature and incubated for 2 hours at 30ºC with a 1:1,000 dilution of rabbit 
mAb against GFP (Cell Signaling Technology Japan), or for 1 hour at room temperature 
in Can Get Signal Solution 1 (TOYOBO, Tokyo, Japan) with a 1:5,000 dilution of a 
rabbit polyclonal antibody against rat CP-fragment: CP7-14 (ATQLDGPA) that was 
generated to label N-terminal region of CP (by us in this study). The blotted membranes 
were washed three times with TBST and incubated with horseradish 
peroxidase-conjugated goat polyclonal antibody against rabbit IgG (Bio-Rad 
Laboratories) 1:100,000 dilution in Can Get Signal Solution 2 (TOYOBO) for 1 hour at 
room temperature. After washing for three times with TBST, blots were visualized by 
Immun-Star WesternC Chemiluminescence Kit (Bio-Rad Laboratories). Control 
procedures consisted of: 1) preabsorbing the working dilution (1:5,000) of the primary 




2) substituting pre-immune rabbit serum for the primary antiserum in a dilution of 
1:5,000 (data not shown). The blots were also incubated with these control sera 
according to the same procedure as the antiserum. 
After stripping the primary antibodies with 62.5 mM Tris-HCl buffer (pH 6.7) 
containing 2% SDS and 100 mM 2-mercaptoethanol for 1 hour at room temperature and 
washing with TBST, blots were then subjected to second immunoreactions as dual 
immunolabeling for CP or NP II (PS41: 1:1,000 dilution) and GFP to determine the 
molecular weight of the immunopositive bands as described above. 
 
Exocytosis of GFP in the neurohypophysis revealed by a double immunoelectron 
microscopy ex vivo 
To study exocytosis of the GFP-fusion protein, neurohypophyses of Tg males 
were stimulated ex vivo with 56 mM potassium according to the method described 
previously with slight modifications (Pow & Morris, 1989; Castel et al., 1996). In brief, 
AVP-eGFP Tg males (n = 4) were killed by decapitation under a deep pentobarbital 
anesthesia; their posterior pituitaries were quickly removed onto ice and cut into small 
pieces (~2 mm in size) with a sterilized razor. The tissue pieces were then incubated 
with artificial cerebrospinal fluid (aCSF) pre-gassed with 95% O2/5% CO2 for 15 
minutes at 37ºC, then incubated with aCSF containing a high level (56 mM) of 
potassium and 0.2% tannic acid for 15 minutes at 37ºC. After the high-potassium 
stimulation ex vivo, the pituitary pieces were immersed in 4% paraformaldehyde and 
0.1% glutaraldehyde in 0.1 M PB for 3 hours at room temperature, washed with 0.1 M 
PB, then processed for the ultrastructural analysis of exocytoses by double 





Biochemical analyses for GFP release from the neurohypophysis and its 
physiological response in vivo 
A salt-loading model according to the previous studies (Fujio et al., 2006; 
Katoh et al., 2011) was employed to examine whether GFP is released into the 
circulating blood and the plasma level of GFP-fusion protein is increased. AVP-eGFP 
Tg (n = 6) and WT males (n = 6) were given 2% salt solution instead of water to drink 
for 5 days. After salt-loading, these salt-loaded and control Tg males (n = 6 each) were 
killed by decapitation under deep pentobarbital anesthesia. Trunk blood was collected 
and the plasma separated by centrifugation. The posterior pituitaries were also quickly 
removed onto ice, snap frozen in liquid nitrogen, and used for GFP extraction (1/20 
posterior pituitary protein/lane was used as the positive control). The GFP fusion protein 
was extracted from the plasma of each group (1 ml plasma/lane before IP was loaded 
onto each lane) with a GFP-Trap-A Kit (using camel antibodies), followed by Western 
blotting for GFP using the rabbit mAbs for GFP as described above. 
For quantitative analysis, it was determined the OD of each immunoreactive 
band derived from salt-loaded and control Tg males by use of Image Lab Software 
(Bio-Rad Laboratories). The OD in the salt-loaded Tg males was calculated as the ratio 
to the OD of control Tg males, and data are expressed as the mean ± standard error of 
the mean. The data were analyzed using an unpaired Student’s t-test. Statistical 







In vivo subcellular localization of GFP in AVP neurons by immunoelectron 
microscopy 
To examine whether the fusion gene encoded AVP preproprotein containing 
GFP is translated and packaged within the neurosecretory vesicles with the AVP, it was 
performed to analyze the subcellular localization of GFP in the posterior pituitary of 
AVP-eGFP Tg rats by a double immunoelectron microscopy. In this experiment, 
GFP-immunoreactivity (ir) was labeled with 5 nm-diameter colloidal gold particles, and 
AVP-associated NP II-ir or oxytocin-associated NP I-ir was labeled with 15 
nm-diameter colloidal gold particles (Fig. 2). As shown in Figure 2A, NP II-ir and 
GFP-ir were both detected only in the terminals of neurosecretory axons, and 
co-associated on the neurosecretory vesicle structures in the same terminal (Fig. 2, A 
and B). In contrast, no GFP-ir was detected in a juxtaposed NP II-unlabeled terminal 
area, a putative oxytocin terminal (Fig. 2C). Similarly, double labeling for NP I and GFP 
(Fig. 2, D-F) showed that GFP-ir was not observed in the NP I-positive terminal, but 
was present in the NP I-negative terminal (Fig. 2, D-F).  
 
In vivo post-translational modification of AVP-eGFP fusion gene revealed by 
immunoprecipitation (IP) and Western blotting  
To examine the post-translational modifications of the AVP-eGFP fusion gene, 
we next performed a Western analysis for GFP and NP II on the same membrane. Figure 




males, but was not detected in those of wild-type (WT) males. Judging from its 
electrophoretic mobility, the molecular mass of this GFP-ir protein band was 28 kDa 
(Fig. 3A). After GFP-immunoprecipitation (IP), the major GFP-ir band was only 
detected at the same level of 28 kDa (Fig. 3A). No specific GFP-ir band was detected at 
the other molecular weight levels (Fig. 3A). After stripping the GFP antibodies, blots 
were subjected to the second immunoreaction for NP II antibodies. This showed a single 
NP II-ir band at 10 kDa in the neurohypophyses of both WT and Tg males, but no 10 
kDa ir band in the GFP-IP proteins from Tg males (Fig. 3B). Subsequently, a Western 
analysis was performed using anti-CP7-14 antiserum, because of the translation product 
in the Tg rats was expected CP1-14 (see Fig. 1). We performed immunoreactions first for 
CP7-14 and next for GFP on the same membrane (Fig. 4). As shown in Figure 4A (the 
right panel), an intense CP7-14-ir band at 28 kDa was observed in the posterior pituitary 
of Tg males. After GFP-IP, a single CP7-14-ir band was detected also at 28 kDa in the 
blots (Fig. 4A, the right panel). Because the molecular mass of whole CP is 
approximately 4 kDa, 28 kDa is the expected total molecular mass of the CP1-14 
(AREQSNATQLDGPA: ~1 kDa) and GFP (~27 kDa) fusion protein (Fig. 1B). However, 
no CP7-14-ir band was detected at 38 kDa (Fig. 4A) the expected for a size of a tri-fusion 
protein consisting of CP1-14 (~ 1 kDa), GFP (~27 kDa) and NP II (~10 kDa) (Fig. 1B). 
After stripping CP7-14 antibodies, the blots were re-incubated with a GFP mAb. 
Although some higher molecular weight bands were visible at about 32~36 kDa for 
CP7-14 (Fig. 4A), an intense and single GFP-ir band at 28 kDa was observed in each blot 
(Fig. 4B), possibly corresponding to the CP7-14-ir band on the same membrane (Fig. 4A) 
when these panels are compared. However, no 28 kDa CP7-14-ir band was observed in 




band was detected at ~4 kDa expected for the size of native CP both in Tg and WT 
males (Fig. 4A). Because preabsorbed antiserum also detected these higher molecular 
weight bands, they are possibly non-specific (Fig. 4A, the middle panel).  
 
Release of GFP into the peripheral blood and its induction by salt-loading  
To examine the release of GFP from AVP terminals by exocytosis at the 
ultrastructural level, high potassium stimulation was employed to induce exocytosis in 
the neurohypophysis. As shown in Figure 5A and 5B, many double (NP II and 
GFP)-positive neurosecretory vesicles formed close appositions with the plasma 
membrane of AVP axons (arrows). Some NP II-ir neurosecretory vesicles with higher 
electron density (due to binding of the tannic acid) were located in the extracellular 
space near AVP neuron terminals of Tg males (Fig. 5, C and D, arrows). In addition, 
GFP-ir 5-nm gold particles were also observed on the exocytotic (Fig. 5B, arrowheads) 
and secreted (Fig. 5D, arrowheads) neurosecretory vesicles with higher electron density. 
Finally, it was examined whether GFP is released into the circulating blood, 
and further examined the effect of salt-loading on the induction of GFP release as well 
as that of native AVP. Western analysis using anti-GFP was first performed to determine 
the presence of GFP in plasma after the GFP-IP extraction. As a positive control, an 
intense GFP-ir band at 28 kDa was also observed in the homogenized posterior 
pituitaries from Tg rats (Fig. 6A, Pituitary). In the plasma extracts from non-salt-loaded 
Tg rats, a feeble GFP-ir band was also observed at the similar molecular size (Fig. 6A, 
the middle panel of Plasma). After salt-loading a much stronger GFP-ir band was 
observed in the plasma extracts from Tg rats, mirroring the release of AVP (Fig. 6A, the 




of salt-loaded WT rats (Fig. 6A, the left panel of Plasma), nor of naïve WT rats (data 
not shown). Quantitative analysis of GFP-ir bands in the plasma extracts showed that 
the bands from salt-loaded Tg males were of significantly higher optical density (OD) 








 Three-dimensional (3-D) analysis of synaptic connections (synaptome) is 
The aim of this present study was to examine in vivo molecular processing of the 
AVP-eGFP fusion gene in rats, and to establish a useful model for analyses of the AVP 
dynamics in vivo. In this Tg rat line, the GFP gene is inserted into the middle of the CP 
gene (see Fig. 1B), and expected to be translated as a part of AVP preproprotein (Ueta et 
al., 2005). We first examined the subcellular localization of GFP in AVP-eGFP Tg rats. 
Double immunoelectron microscopy demonstrated that GFP-ir was detected in 
AVP-associated NP II-ir neurosecretory vesicles but not in oxytocin-associated NP I-ir 
neurosecretory vesicles in the posterior pituitary of AVP-eGFP Tg rats. This shows that 
GFP is specifically localized in neurosecretory vesicles of AVP neurons in this Tg rats. 
Therefore, in AVP-eGFP Tg rats, an AVP preproprotein linked to GFP appears to be 
synthesized in the cell bodies, packaged into neurosecretory vesicles, and transported to 
axon terminals of AVP neurons in the posterior pituitary in vivo in the same way as 
native AVP. The normal AVP proprotein is processed to its constituent parts in 
neurosecretory vesicles (Davies et al., 2003). Western analysis demonstrated that the 
pituitary of Tg rats contains a 28 kDa-ir band with both CP7-14 and GFP antibodies. No 
NP II-ir band could be detected after GFP-IP, suggesting that the GFP fusion proteins do 
not contain any NP II protein. These results demonstrate that the AVP-eGFP fusion gene 
is subjected to the same post-translational modifications as the native AVP gene to 
produce a fusion protein: CP1-14-GFP in vivo. On the other hand, in this GFP-Western 




not be immuno-precipitated from the pituitary of Tg rats, (see Fig. 3A, IP+). We suggest 
that a part of the GFP is cleaved into two pieces (e.g. 10 and 18 kDa), both of which are 
detected by the rabbit monoclonal antibody used for the Western blotting. Alternatively, 
the bands could represent small proteins other than GFP recognized by the antibody 
used for the Western blotting, but not by the antibody used for IP (camel Fab fragment). 
The much stronger 10 kDa NP II-ir band in Tg rats than in WT rats (see Fig. 3B) also 
suggests that in Tg rats more NP II is stored in AVP neurons, leading to the conclusion 
that in Tg rats more AVP-eGFP fusion gene is expressed than native AVP gene in WT 
rats, although the level of circulating AVP is almost normal in AVP-eGFP Tg rats as 
reported previously (Ueta et al., 2005). Notwithstanding this discrepancy, the present 
and previous studies demonstrated in vivo molecular processing of the AVP-eGFP 
fusion gene, suggesting that bioactive AVP has also been released into the circulation 
from the AVP precursor prepropeptide in AVP-eGFP Tg rats. 
 High potassium stimulation of the posterior pituitary of AVP-eGFP Tg rats 
showed that the fusion protein is also released by exocytosis in the same way as native 
AVP, NP II and CP. After the high potassium stimulation, many neurosecretory vesicles 
formed close appositions with the plasma membrane of AVP axons and several showed 
a higher electron density indicating docking for exocytosis (Buma et al., 1984; Castel et 
al., 1996), because previous studies have shown that tannic acid can gain access to 
exocytotic neurosecretory vesicles through the fusion pore, causing a higher electron 
density (Buma et al., 1984; Morris & Pow, 1988; Castel et al., 1996). We also observed 
several NP II-ir neurosecretory vesicle cores with a higher electron density located in 
the extracellular space near AVP neuron terminals (see Fig. 5, C and D). These appeared 




gold particles indicating the presence of GFP and NP II released by exocytosis were also 
detected in the boundary area of the extracellular space. 
Finally, using IP and Western combined analyses, a GFP-ir band was detected 
in the plasma of AVP-eGFP Tg rats, suggesting that the released GFP circulates like 
native AVP. Substantial evidence has demonstrated that the expression level and release 
of AVP are both significantly increased by osmotic stimulation (Sherman et al., 1986; 
Kawasaki et al., 2005; Ueta et al., 2005). Recently, it has also been reported that GFP 
signals in the hypothalamus and posterior pituitary of AVP-eGFP Tg rats are 
considerably amplified by salt-loading (Fujio et al., 2006). It is demonstrated here that 
the GFP-ir band in plasma extracts was amplified in extracts from salt-loaded Tg rats. 
Thus, not only the expression of AVP-eGFP fusion gene (Ueta et al., 2005; Fujio et al., 
2006), but also the release of the GFP fusion protein appears to be augmented in 
response to physiological stimulation. Taken together these results show that, in 
AVP-eGFP Tg rats, the in vivo dynamics of GFP, including its post-translational 
modifications, packing into neurosecretory vesicles, release into the blood, and response 
to an important physiological stimulus, mimic those of native AVP. Therefore, the 
AVP-eGFP Tg rat appears to be an excellent animal model for a number of physio- 
and/or pathological applications, because a real-time GFP imaging could probably 
mimic in vivo AVP secretion after various physiological or pharmacological 
stimulations. However, additional studies are required to draw a firm conclusion – 
currently it is attempting to take sequential samples of the jugular blood, and see if it is 
possible to detect a change in the plasma GFP of rats subject either to an osmotic or 
stress stimulus from the fluorescence. Methodological developments are still needed to 




 CP, a 39-aminoacid glycopeptide, is the C-terminal part of the AVP precursor 
prepropeptide. Activation of the AVP system stimulates CP secretion into the circulation 
in equimolar amounts to AVP. Thus, CP concentration directly reflects AVP secretion 
and can be used as a surrogate biomarker because of its stability in vivo (Bhandari et al., 
2009; Blanchard et al., 2013; Wuttke et al., 2013; Bolignano et al., 2014). Little is 
known about CP functions in vivo (Morgenthaler et al., 2006; Balanescu et al., 2011; 
Kolonko et al., 2014). Because post-translational modification of the AVP-eGFP fusion 
gene product results in the formation of a fusion protein: copeptin1-14-GFP in vivo, 
AVP-eGFP Tg rats will also make it possible to examine the in vivo dynamics of CP by 
analyzing GFP signals. The plasma concentration of CP fluctuates with plasma osmotic 
pressure and correlates with that of AVP in humans (Balanescu et al., 2011). Moreover, 
the plasma concentration of CP appears to be a strong and reliable predictor of mortality 
in patients with chronic and/or acute heart failure (Bolignano et al., 2014). A higher CP 
concentration is also associated with kidney function decline, suggesting that CP may be 
a new marker to predict kidney outcome in autosomal dominant polycystic kidney 
disease (Boertien et al., 2012). Thus, analyzing the dynamics of CP in AVP-eGFP Tg 
rats may offer new avenues for potential therapeutic approaches to refractory heart 
failures or kidney diseases. Interestingly, recent clinical studies in healthy adults also 
showed 1.2~1.8-fold higher baseline CP level in men than women (Szinnai et al., 2007; 
Bhandari et al., 2009; Meijer et al., 2010). Furthermore, it has recently been reported 
that male-dominant production of AVP is a phenomenon already present in newborn 
infants, leading to higher plasma AVP or CP levels in boys compared to girls 
(Burckhardt et al., 2014). In human neonates, vaginal delivery is associated with 




Cesarean section (Schlapbach et al., 2011). Taken together, these results may provide a 
new insight into the sexual disparity of AVP or CP and its potential implication in 
postnatal adaptation, especially in response to birth stress, including mode of delivery, 
perinatal acidosis and asphyxia etc. (Burckhardt et al., 2014). However, the significance 
of the sexual difference in the AVP or CP systems remains unknown. Since only a 
fragment (possibly CP1-14) of CP is expressed in these Tg rat as part of the fusion 
protein with GFP, it is not clear if CP would be functional in these Tg rats in vivo. In 
fact, some of the exaggerated responses of this Tg animal might be related to this 
mutation (Suzuki et al., 2009a). Nevertheless, future studies using AVP-eGFP Tg rats 
may allow elucidation of this aspect of CP physiology. 
 This is the first demonstration of an excellent model for in vivo analyzing the 
molecular dynamics of the secretory proteins fused with fluorescent protein. 
Parvocellular PVN AVP neurons have many terminals within the hypothalamus and also 
in extrahypothalamic areas, e.g., bed nucleus of the stria terminalis, hippocampus, 
medulla oblongata and spinal cord, where they appear to play a key role in social 
behaviors, sexual motivation, pair bonding, and maternal responses to stress (for 
reviews, see Refs. (Meyer-Lindenberg et al., 2011; Rood & De Vries, 2011; Albers, 
2014)). In some of these areas, AVP expression is sexually dimorphic (Rood & De Vries, 
2011; Rood et al., 2013; Otero-Garcia et al., 2014). It will be interesting to determine if 
the GFP is an equally robust reporter in these areas. Substantial evidence further 
demonstrates that AVP is released by exocytosis fusion not only from neurohypophysial 
axon terminals of MNCs but also from their dendrites and cell bodies, suggesting neural 
transmission by the relatively unexplored mechanism of ‘dendritic secretion’ (Pow & 




of and controls on the novel neural transmission mechanism, ‘dendritic secretion’ by 
which AVP (and oxytocin) are released by an exocytosis not only from the axonal 
terminals but also from the dendrites and cell bodies of MNCs (Pow & Morris, 1989; 
Ludwig, 1998; Wotjak et al., 1998; Ludwig et al., 2002; Tobin et al., 2012) remain 
relatively unexplored. Imaging of GFP signals in AVP-eGFP Tg rats should allow 
investigation of the in vivo release of dendritic peptides into the hypothalamus 
surrounding MNCs. Two-photon laser scanning microscopy is an exciting new 
fluorescence nanoscopy technique, with lower phototoxicity and higher penetration 
depth (~1 mm) deeper than the conventional confocal microscopy (Denk & Svoboda, 
1997). It has been used to demonstrate insulin secretion from intact mouse pancreatic 
islets (Takahashi et al., 2002) and fusion pore dynamics in a variety of peripheral 
endocrine tissues at nanometer resolution (Takahashi et al., 2002; Kishimoto et al., 
2006). Total internal reflection fluorescence (TIRF) microscopy (Axelrod, 1981) has 
also been used to analyze tethering, docking, priming, and fusion of a single dense-core 
vesicle with associated protein-targeted fluorescent protein variants to reveal molecular 
mechanisms of exocytosis in vitro (Tsuboi & Fukuda, 2005; 2006a; b; Tsuboi et al., 
2007; Sato et al., 2012). Thus, the establishment of the AVP-eGFP Tg rat model 
demonstrated in this paper could be used with fluorescence nanoscopy and imaging 
analyses to investigate the dynamics of neurohormone secretion in neurosecretory cells 
at the organismal level. 
 In conclusion, here it is showed for the first time the in vivo molecular 
processing of AVP-eGFP fusion gene and the stimulated secretion of its products after 
osmotic stimulation in rats. Because the GFP behaved like native AVP in the 




physiological stimulus, the AVP-eGFP Tg rat model appears to be a powerful tool for 
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Schematic structures of arginine vasopressin (AVP) preproprotein and the AVP-green fluorescent 
protein (GFP) fused preproprotein. AVP preproprotein (A) and AVP-GFP fusion preproprotein (B) 
are consisting of the signal peptide (SP), AVP hormone, AVP-associated neurophysin (NP) II and the 
glycoprotein copeptin (CP), where the glycan is represented by a diamond. The translation as a 
CP1-14 is expected in this transgene, and the sixth asparagine of CP is expected to be a glycosylation 











Double immunoelectron microscopy of the AVP-eGFP transgenic (Tg) rat neurohypophysis. GFP 
and NP I/II antibodies labeled with 5 nm and 15 nm gold particles, respectively. Each blocked area 
in (A and D) are enlarged in (B and C) and (E and F), respectively. AVP terminals (asterisk in A and 
D) include GFP-positive (arrowheads in B and E) neurosecretory vesicles. Otherwise, juxtaposed 
oxytocin terminals were both negative for GFP (C and F). Dashed lines indicate putative boundary 
of terminals. Immunocytochemical studies were repeated independently four times by using different 












The expression of GFP in the posterior pituitary of AVP-eGFP Tg rats. In A, GFP-positive band was 
observed at 28 kDa in the Tg posterior pituitaries, but not in WT (A). After 
GFP-immunoprecipitation (IP), the GFP-positive band was only detected at the same level of 28 
kDa (A). After the second-incubation with NP II antibodies, NP II-positive bands at 10 kDa were 
detected in the posterior pituitaries of both WT and Tg rats (B). GFP-IP also showed that NP II-like 
protein band was not detected in the GFP-IP blots of Tg rats (B). Western analyses were repeated 
independently three times by using different samples and gave similar results. The minus (-) and plus 











The expression of CP1-14 and GFP fusion protein in the posterior pituitary of AVP-eGFP Tg rats. (A) 
An intense CP7-14-positive band was observed at 28 kDa in Tg rats (the left panel). On the other hand, 
Preabsorbed working solution of the primary CP7-14 antiserum with a saturating concentration of the 
antigen peptide (20 µg/ml; ATQLDGPA) before use completely eliminates the 28 kDa-protein band 
(the middle panel). As expected, no CP7-14-positive band was detected at 28 kDa in WT rats (the right 
panel). In addition, no CP7-14-positive band was detected at ~4 kDa expected for the size of native 
CP both in Tg and WT rats. After GFP-IP, the CP7-14-positive band was only detected at the same 
level of 28 kDa (B). The second-incubation with GFP antibodies demonstrated that the 
CP7-14-positive proteins appeared to exist as CP1-14 and GFP fusion proteins (B). Western analyses 










A post-embedding ultrastructual analysis of GFP exocytosis induced by the high potassium 
stimulation in the posterior pituitary of Tg rats. (A and B) Axon terminals containing numerous 
neurosecretory vesicles, many of which lie close to the plasmalemma, a position appropriate to 
render them readily available for release. Double immunoelectron microscopy for GFP (labeled with 
5 nm gold particles; arrowheads in B and D) and NP II (labeled with 15 nm gold particles) revealed 
that some double positive neurosecretory vesicles appeared to be undergoing exocytosis (arrows in 
A and B). A GFP exocytotic figure is clearly visible (arrows in C and D). Asterisks in B and D 
indicate inside of AVP terminals. Ex vivo exocytosis studies were repeated independently four times 
by using different Tg males and gave similar results. m, mitochondrion. Scale bars, 500 nm (A and 











GFP release into the circulating blood and its response to salt-loading. (A) Western analysis for GFP 
showed that a feeble GFP-positive band was detected in the GFP-IP extracts from Tg plasma, but not 
in WT. Neurohypophyses of Tg rats was loaded as a positive control. An enhanced GFP-positive 
band was observed in the plasma extracts of salt-loaded Tg rats. (B) Quantitative analysis of 
GFP-positive bands in the extracts also revealed that salt-loaded Tg males displayed a significantly 
higher optical density than control Tg males (n = 6 in each group). Western analyses were repeated 














The Effective Three-dimensional Synaptome Analysis by the 






Transmission electron microscopy (TEM) is used for three-dimensional (3-D) analysis 
of synaptic connections in neuroscience research. However, 3-D reconstruction of the 
synapses using serial ultrathin sections is a powerful but tedious approach requiring 
advanced technical skills. High-voltage electron microscopy (HVEM) allows 
examination of thicker sections of biological specimens due to the increased penetration 
of the more accelerated electrons, which is useful to analyze the 3-D structure of 
biological specimens. However, it is still difficult to visualize the neural networks and 
synaptic connections in 3-D using HVEM because of insufficient and non uniform 
heavy metal staining in the membranous structures in semi-thin sections. Here, it 
present the successful chemical 3-D neuroanatomy of the rat spinal dorsal horn at the 
ultrastructural level as a first step for effective synaptome analysis by applying a 
high-contrast en bloc staining method to immune-HVEM tomography. New approach 
made it possible to examine many itch-mediating synaptic connections and neural 
networks in the spinal cord simultaneously using HVEM tomography. This novel 3-D 
electron microscopy is very useful for the analysis of synaptic structure and the 






 Three-dimensional (3-D) analysis of synaptic connections (synaptome) is 
important in neuroscience research. Because synapses are a small structure (submicron 
order) in neurons, they are only able to be analyzed using either transmission electron 
microscopy (TEM) or scanning electron microscopy (SEM), and thus, the 3-D 
organization of synaptic connections revealed by serial ultrathin sections requires a 
time-consuming analysis in both TEM and SEM (Hayworth et al., 2014; Henny et al., 
2014; Inami et al., 2015). Although a combination of immunohistochemistry (IHC) and 
confocal laser scanning microscopy allows imaging and quantification of the 3-D 
organization of biological specimens, the ultrastructural morphology of the cells, 
including synaptic connections, remains obscure due to the insufficient spatial 
resolution of light microscopy (Okabe, 2013). The poor visualization of the structures 
remains a problem even if fluorescent visualization methods are used, and unlabeled 
(non-fluorescing) domains cannot be observed (Belichenko & Dahlstrom, 1995; 
Miyawaki, 2003; Nishi & Kawata, 2006). Because normal TEM has a limitation of 
specimen thickness which is generally less than a hundred nanometers, the structural 
information in ultrathin sections is mostly 2-D (Hama & Kosaka, 1981; Sakamoto & 
Kawata, 2012). It is, therefore, difficult to use this approach for visualization of 3-D 
structures in biological specimens at either the cellular and organotypic levels. On the 
other hand, high-voltage electron microscopy (HVEM) has higher penetration power of 
the electrons due to the increased accelerating voltage (~1,000 kV) and enables us to 




2012). Thus, HVEM should be particularly useful to analyze the 3-D ultrastructures of 
micrometer-sized tissues at the nanometer level [volume electron microscopy (EM)] 
(Hama & Kosaka, 1981; Sakamoto & Kawata, 2012). 
 Important findings have recently demonstrated that spinal itch transmission is 
independent of pain transmission and relies on gastrin-releasing peptide (GRP)/GRP 
receptor signaling in the dorsal horn (DH) of the spinal cord (Sun & Chen, 2007; Sun et 
al., 2009), as well as in the trigeminal sensory system in the medulla oblongata 
(Takanami et al., 2014). These new findings are a major breakthrough in the studies on 
the molecular basis of itch (Sun & Chen, 2007; Sun et al., 2009). At the ultrastructural 
level, the spinal DH contains numerous synaptic connections locally that are important 
in conveying somatosensory inputs from the periphery, although the chemical 
neuroanatomy of the synapses involved in the itch sensation remains elusive (Takanami 
et al., 2014). In this study, using an immune-HVEM tomography with a high-contrast en 
bloc staining method, it is successfully described the chemical 3-D neuroanatomy of the 
rat spinal DH revealed by IHC at the ultrastructural level. This new approach also 





Materials and Methods 
 
Animals 
Adult male Wistar rats were obtained from the Charles River Laboratories Japan 
(Yokohama, Japan). All experimental procedures have been authorized by the 
Committees for Animal Research, Okayama University and Kyoto Prefectural 
University of Medicine, Japan. 
 
GRP IHC and EM 
Male rats (n = 9) were overdosed with sodium pentobarbital and perfusion fixed with 
4% paraformaldehyde, 0.1% glutaraldehyde, and 0.3% tannic acid in 0.1 M phosphate 
buffer. Cervical spinal cords were immediately removed and immersed in 4% 
paraformaldehyde in 0.1 M phosphate buffer for 3 h. Spinal sections (C3–C6 level; 30 
µm in thickness) were prepared with a LinearSlicer® (Dosaka EM, Kyoto, Japan). The 
free-floating sections were thoroughly washed with phosphate buffered saline (PBS) 
and preincubated in PBS containing 0.05 % Triton X-100, 1 % normal goat serum, and 
1 % BSA for 30 min at room temperature to block nonspecific reactions. Sections were 
then incubated with the primary rabbit antiserum against rat GRP20-29 (1:1,000) 
(AssayPro, St. Charles, MO, USA) overnight at room temperature with gentle agitation. 
The GRP antiserum used in this study have previously shown to be specific for rat GRP 
in the spinal cord (Takanami et al., 2014). Immunoreactive (ir) products were detected 
with a streptavidin-biotin kit (Nichirei, Tokyo, Japan), followed by diaminobenzidine 




sections were first viewed using a light microscope for reference after dehydration and 
clearing. The other stained sections were then subjected to special en bloc staining 
according to the protocol of the National Center for Microscopy and Imaging Research 
(NCMIR), University of California, San Diego, CA, USA with slight modifications 
(Deerinck et al., 2010). The NCMIR method is widely used for serial block-face SEM 
(SBF-SEM), which was designed to enhance signal for backscatter electron imaging of 
epoxy-embedded mammalian tissue at low accelerating voltages (Deerinck et al., 2010). 
This sample preparation method for effective heavy metal staining was applied to 
synaptome analysis by HVEM tomography. Briefly, after being washed with 0.15 M 
cacodylate buffer, the sections were post-fixed for 1 h in 2% aqueous osmium 
tetroxide/1.5% potassium ferrocyanide in 0.15 M cacodylate buffer, for 20 min in a 
thiocarbohydrazide solution, and then for 30 min in a 2% osmium tetroxide solution. 
Sections were placed in 1% uranyl acetate overnight at 4°C and then in a lead aspartate 
solution in a 60°C oven for 30 min. The sections were dehydrated and flat embedded in 
epoxy resin (Quetol-812; Nisshin EM, Tokyo, Japan). For reference, some sections 
were embedded without the above en bloc staining and post-fixed with 1% osmium 
tetroxide for 2 hours instead as conventional EM-IHC. Ultrathin sections (70 nm in 
thickness) containing the GRP-ir fibers in the DH were prepared and collected on mesh 
grids coated with a collodion film. First, the preparations were viewed and imaged with 
an H-7650 electron microscope (Hitachi, Tokyo Japan) without any additional heavy 
metal staining at an accelerating voltage of 80 kV. After the TEM observations, the 
same sections were stained with both uranyl acetate and lead citrate. These heavy 
metal-stained sections were then viewed and imaged again using the same TEM 




Subsequently, semi-thin sections (1-2 µm in thickness) containing the GRP-ir fibers in 
the DH were then prepared and collected on mesh grids coated with a collodion film. 
Each grid-mounted semi-thin section was first selected using a light microscope 
(Olympus; BH-2, Tokyo, Japan). Selected grids or sections were observed using an 
HVEM (Hitachi H-1250M; National Institute for Physiological Sciences, Okazaki, 
Japan) at an accelerating voltage of 1,000 kV. 
 
Tomography 
The specimen was tilted from -60.0° to +60.0° and imaged at 1-dgree steps (121 images 
per view; 0.0, ±1.0 ~ ±60.0). The images were digitized and 3-D models were 
constructed using IMOD software (Kremer et al., 1996; Pettersen et al., 2004). 
Individual subcellular and organelle structures were observed by UCSF Chimera and 
manually segmented using the AMIRA software package (FEI Visualization Science 
Group, Burlington, MA, USA) (Pettersen et al., 2004). This software package was also 







Using conventional light microscopy, IHC analysis of the EM preparations first showed 
that GRP-ir fibers were densely stained in the superficial layers of the cervical spinal 
DH (laminae I-II) in a similar way as reported previously (Sun & Chen, 2007; Fleming 
et al., 2012; Takanami et al., 2014) (n = 3) (arrowheads in Fig. 1A, B). After 
pre-embedding using the GRP IHC method, the stained sections were then 
flat-embedded in epoxy resin and observed by conventional light microscopy again (Fig. 
1C). Numerous GRP-ir terminals were also visible in the spinal DH (laminae I-II) (n = 
3) (arrowheads in Fig. 1C), whereas the IHC-stained and resin-embedded sections with 
NCMIR method did not identify any GRP-ir due to the heavy en bloc staining (n = 3) 
(Fig. 1D). Arrowheads in Figure 1D indicate the region of laminae I-II, possibly 
including regions of numerous GRP-ir. The ultrathin sections (60 nm), including regions 
of laminae I-II (arrowheads in Fig. 1C) without any additional heavy metal staining, 
showed the presynaptic terminals containing the GRP-ir (asterisk) and the synaptic 
connection (double arrows) with low contrast using conventional TEM (Fig. 1E). On 
the other hand, when these sections were contrasted with the heavy metal staining, 
many GRP-ir vesicles were then clearly visualized in the presynaptic terminal (asterisk), 
and the electron-dense postsynaptic density (PSD) (double arrows) was also visible (Fig. 
1E’). Subsequently, the ultrathin sections, including regions of laminae I-II (arrowheads 
in Fig. 1D) without any additional heavy metal staining, were examined using a 
conventional TEM with the NCMIR method en bloc staining (Fig. 1F). The fine 




(asterisk) and surrounding structures, were observed (Fig. 1F). 
Next, using HVEM, it was observed the NCMIR-treated semi-thin sections (1-2 µm in 
thickness) of laminae I-II (arrowheads in Fig. 1D) without any additional heavy metal 
staining (Fig. 2). Figure 3 shows a representative HVEM image. Numerous synaptic 
contacts were clearly visualized, and the GRP-ir products were observed as fine fuzzy 
materials widely distributed in the terminal-like structures of the superficial layers of the 
cervical spinal cord (laminae I-II) (Fig. 3A). Using a semi-thin section, a lower 
magnification HVEM image (Fig. 3A) was similar to some extent in quality to the 
images acquired by conventional TEM using serial ultrathin sections (Fig. 1F). 
Subsequently, using a higher magnification image, stereopaired HVEM images obtained 
by tilting the specimen stage ±8° clearly showed that multiple synaptic contacts of GRP 
neurons were easily identified in a single semi-thin section (Fig. 3B, B’). GRP-ir 
presynaptic terminals contained several mitochondria and formed synapses with 
postsynaptic neurons with the PSD (double arrows in Fig. 3B). A total of 121 images 
per view were obtained by tilting the specimen from -60.0° to +60.0°, continuously. The 
3-D reconstruction was performed from these 121 serial-tilted images (Fig. 4, 
Supplementary Movie 1 in Ref (Satoh et al., 2015). GRP-ir presynaptic terminals 
formed a varicose-like structure, and each varicose-like structure tended to not only 
contain some mitochondria but also form a synapse (Fig. 4A, B). These terminals 
connected with postsynaptic neurons with PSD, which was observed as a gray zone in 
proximity to membranous structures using conventional TEM (double arrows in Fig. 4B, 
C, Supplementary Movies 2, 3 in (Satoh et al., 2015). The 3-D reconstruction from 
sequential HVEM images using a combination of IHC with the NCMIR method 




visualization of the itch-mediating neural network in the spinal DH at the ultrastructural 
level (for more details, see Supplementary Movies 1-3 in Ref (Satoh et al., 2015). Since 
a set of serial semi-thin sections prepared by the pre-embedding method was observed 
in this study, an intense immunoreaction might frequently be observed in approximately 
~10 µm depth from the tissue surface. These 3-D reconstruction analyses were 
performed for 6 views, in total, from 4 different semi-sections, which were randomly 
selected from 3 different male rats, and similar results were obtained in all of these 






HVEM is a powerful method to analyze the 3-D ultrastructures from intense signals, 
such as heavy osmification (i.e., myelinated fibers or the other conjugated structures 
having a lipid-rich component), Golgi staining, and immunoreactions 
(diaminobenzidine reaction products), whereas it was previously difficult to visualize 
the neural network and synapse structure because of the insufficient contrast of each 
fine membranous structure in semi-thin sections (Hama & Kosaka, 1981; Hashimoto et 
al., 2015). In this paper, immune-HVEM tomography applied the NCMIR method, 
which was originally developed for an enhancement of the membranous contrast for 
backscattered block-face imaging using SEM, successfully visualized the 3-D structure 
of the itch-mediating neural networks at the ultrastructural synapse level. This 
synaptome analysis by HVEM effectively detected numerous itch-mediating synaptic 
connections in the spinal DH in semi-thin sections. Consequently, by observing a single 
semi-thin section, it was more easily found multiple GRP-ir synaptic connections in the 
laminae I-II of the spinal cord than that observed with a conventional serial TEM 
technique (Takanami et al., 2014). Although these results might not be able to detect all 
of the synapses, a larger number of GRP-ir synapses than expected were visualized in 
the spinal DH. This methodology could thus successfully allow analysis in a precise 
volume EM. In addition, GRP-ir presynaptic axonal terminals tended to form a 
varicose-like structure, which has multiple synapses in the spinal DH. Since it is well 
accepted that most pre-synaptic axonal terminals contain mitochondria, each GRP-ir 




suggested that the identified synapses might be functional. Taken together, these results 
indicated that spinal itch transmission is mediated through the multiple synapses 
containing GRP in the rat spinal DH. 
 TEM observations are excellent for synapse analysis because of the high 
resolution, whereas the information obtained from conventional TEM is mostly 2-D due 
to the ultrathin property of the tissue (Hama & Kosaka, 1981; Hashimoto et al., 2015). 
TEM also requires highly skilled investigators to make hundreds or even thousands 
of serial ultrathin sections for 3-D analysis (Henny et al., 2014). Moreover, it is time 
consuming to acquire images consecutively for a target observation area even if a series 
of serial sections can be produced (Henny et al., 2014). In contrast, HVEM can easily 
analyze a lot of tissue volume and obtain useful information by a single observation on 
thicker tissue preparations (maximum ~5 µm in thickness), and the 3-D reconstruction 
analyses of a few some semi-thin sections using HVEM appear to be equivalent to the 
data obtained from hundreds of serial ultrathin sections using conventional TEM 
(Sakamoto et al., 2010; Oti et al., 2012). However, a major difficulty in HVEM 
tomography to obtaining a fine membranous resolution was previously unresolved even 
though HVEM has the high penetration power of electrons (Hama & Kosaka, 1981; 
Hashimoto et al., 2015). In this study, application of the NCMIR method to 
immune-HVEM tomography enables us to perform an effective synaptome analysis 
with a higher contrast of the membranous structures, similarly to TEM resolution. Thus, 
using this methodology, 3-D information on a large number of synapses can be 
efficiently obtained from a single semi-thin section. 
 There have been recent advances of imaging techniques for 3-D 




focused ion beam-SEM (FIB-SEM) and SBF-SEM (Denk & Horstmann, 2004; 
Briggman & Denk, 2006; Knott et al., 2008; Namba et al., 2015). These new devices 
can produce consecutive ultrathin sections automatically with either milling with a 
gallium ion beam or slicing with a diamond knife, and permit the 3-D reconstruction 
of a large tissue volume, i.e., the thickness of several hundred micrometers, with 
visualization of the 3-D subcellular structures or organelles at a fine nanometer scale 
resolution (Denk & Horstmann, 2004; Briggman & Denk, 2006; Knott et al., 2008; 
Namba et al., 2015). Novel “HVEM tomography” might, at least in part, be superior to 
such ultra-microtome or beam-milling techniques in terms of quick and repeated 
examinations. Compared with these 3-D SEM methods, “HVEM tomography” has the 
following characteristics and advantages: 1) quick observation of a large area, 2) less 
thermal denaturation, and also 3) no tissue destruction. While the SEM-image 
acquisition time is limited by the scanning speed, “HVEM tomography” (semi-thin 
sections) only needs the time required to collect a whole tilt series of the specimen. 
This is a relatively short acquisition time. The spatial resolution of these 3-D SEMs is 
possibly superior to “HVEM tomography”. However, this approach is less laborious 
and does not require advanced skills compared with recently developed 3-D SEMs 
because the ultrastructural information is all in a semi-thin section. In addition, these 
3-D SEM analyses destroy the surface of the sample while acquiring the image. As a 
result, when using these 3-D SEM analyses, it is not possible to observe the same 
sample repeatedly. Furthermore, the disrupted pieces may sometimes affect the next 
image acquisition by contaminating the newly-cleaved block surface. Conversely, 
“HVEM tomography” is not destructive, and it is possible to analyze the same sample 




principally have no limitation for acquisition of volume information, “HVEM 
tomography” might be able to obtain 3-D information on structures deep in the tissue 
by analyzing a set of serial semi-thin sections. 
 An electrically automatic tape-collecting ultra-microtome (ATUM) apparatus 
has also been developed in recent years (Schalek et al., 2011b; Hayworth et al., 2014). 
One advantage of the ATUM is that it is capable of making ultra-thin sections 
continuously. A critical advantage is that pre- and post-embedding immune-EMs are 
possible with the ATUM/SEM. However, despite the convenient automatic collection, 
there are still possible problems with the failure of collecting sections, some wrinkles 
or contamination in both the sections and tapes, and failure of heavy metal staining. 
Since section orientations collected by the ATUM are not always uniform, taking the 
time to adjust the fine alignment and subsequent normalization of the series of images 
are still required. Therefore, HVEM tomography may also have some advantages, 
compared with the ATUM, and be more effective in the volume EM analysis with less 
failure after identification of an observation area by light microscopy. Thus, HVEM 
methodology is more useful and effective because it correlates well between light and 
electron microscopes. On the other hand, a major advantage of these 3-D SEMs is that 
it is possible to acquire an exact series of the high contrast images, which is the same 
as a set of TEM images obtained from a number of serial ultra-thin sections. Thus, 
there are many advantages in both the new 3-D imaging techniques and HVEM 
tomography, and each technique has specific advantages. 
 
 In summary, this new methodology using HVEM tomography combined with 




neuroanatomy at the ultrastructural level, and this is potentially a new research 
approach/alternative for many laboratories. Because the immune-EM (including dual 
labeling) is one of the established methodologies in neuroscience research, the 
methodology can be widely and easily applied in multiple ways at either the cellular and 












Comparison of several methodologies for heavy metal staining. (A) The schematic drawing indicates 
the anatomy of the DH of the cervical spinal cord. (B) Light microscopy reveals that GRP-positive 
fibers are dense in the superficial layers in the spinal DH. Appearance of flat-embedded spinal 
sections after GRP-immunostaining (C) and after GRP-immunostaining with the NCMIR method 
(D). Arrowheads indicate possible regions containing numerous GRP-positive terminals (B–D). (E) 
A low contrast image is shown without any additional heavy metal staining. (E’) After the heavy 
metal staining, the higher contrast membranous structures, including the presynaptic terminal 
(asterisk) and postsynaptic density (double arrows), are clearly visible. (F) The fine membranous 
structures include the electron-dense GRP-positive presynaptic terminal (asterisk), synaptic 
connection (double arrows), and surrounding structures without any additional heavy metal staining 
after the NCMIR method en bloc. These (E), (E’) and (F) images are obtained from ultrathin sections. 












HVEM images are obtained from semi-thin sections, which are contrasted with the heavy metal 
staining (A) or the NCMIR method (B).  Arrowheads in (A) and (B) indicate possible GRP-positive 
terminals.  The boxed areas in (A) and (B) are enlarged in (C) and (D), respectively.  (C) The 
enlarged area shows that GRP-positive terminals (asterisks) are contrasted, but other membranous 
structures are unclear.  (D) In contrast, the fine membranous structures include the electron-dense 
GRP-positive presynaptic terminal (asterisk), synaptic connection (double arrows), and surrounding 
structures without any additional heavy metal staining after the NCMIR method en bloc.  Ma: 









Representative HVEM images prepared by the NCMIR method. (A) Arrowheads indicate possible 
GRP-positive terminals (for more details, see Supplementary Movie 1 in Ref (Satoh et al., 2015). 
The boxed area in (A) is enlarged in (B). (B) Stereopaired HVEM images obtained by tilting the 
specimen stage -8° (B) and +8° (B’) show respectively that 3-D GRP-positive terminals (asterisks) 
formed a synaptic contact (double arrows) with a dendrite. Ma: myelinated axon; m: mitochondrion; 







Three-dimensional analysis for GRP-positive terminals by HVEM tomography. (A) A z-axis slice of 
the 3-D tomographic reconstruction is shown. (B) GRP-positive terminal (green), postsynaptic 
dendrite (blue), postsynaptic density (red; indicated by double arrows), and mitochondria (magenta) 
are pseudo-colored, respectively (for more details, see Supplementary Movie 2 in Ref (Satoh et al., 
2015). (C) 3-D image figures show representative rotating views (for more details, see 


















Peptidergic neuromodulator (neurohormone) is involved in various physiological 
functions such as blood pressure control, stress response, and reproduction by the 
neuroendocrine system (Burbach, 2010). To elucidate the peptidergic control circuit 
for the neuroendocrine system, it is important to develop an excellent model that 
visualizes molecular dynamics and neural network of neurohormones. In this study, it 
was confirmed the imaging model that visualizes neurohormones in vivo molecular 
dynamics. In addition, application of the special heavy metal stain to three-dimensional 
(3-D) ultrastructural observation was attempted to perform an effective 3-D and 
comprehensive ultrastructure (connectome) analysis. Two neurohormones are focused 
on in this study: one is arginine vasopressin (AVP) and the other is gastrin-releasing 
peptide (GRP).  
 The pleiotropic neurohormone AVP is synthesized in specific neurons 
principally located in the hypothalamus. AVP is involved in the homeostatic responses 
numerous life-threatening conditions, for example, the promotion of water conservation 
during periods of dehydration (Birnbaumer et al., 1992a; Birnbaumer et al., 1992b; 
Lolait et al., 1992), and the activation of the hypothalamo-pituitary adrenal axis by 
emotional stress (Viero et al., 2010). A transgenic (Tg) rat line which expresses the 
AVP-enhanced green fluorescent protein (eGFP) fusion gene has been generated (Ueta 
et al., 2005; Fujio et al., 2006; Shibata et al., 2007; Suzuki et al., 2009b; Maruyama et 
al., 2010). In Chapter 1, it has been demonstrated that the AVP-eGFP Tg rat appears to 
be an excellent animal model for a number of physio- and/or pathological applications, 
because a real-time GFP imaging could probably mimic in vivo AVP secretion after 
various physiological or pharmacological stimulations. This is the first demonstration of 




protein which expressed as a precursor of secretory protein. It is suggested that the 
fluorescent protein expressed as part of other neurohormone precursor would be 
indicate similar molecular dynamics to a native neurohormones. Parvocellular PVN 
AVP neurons project the hypothalamus and also in extrahypothalamic areas, e.g., bed 
nucleus of the stria terminalis, hippocampus, medulla oblongata and spinal cord, where 
they appear to play a key role in social behaviors, sexual motivation, pair bonding, and 
maternal responses to stress (for reviews, see Refs. (Meyer-Lindenberg et al., 2011; 
Rood & De Vries, 2011; Albers, 2014). In some of these areas, AVP expression is 
sexually dimorphic (Rood & De Vries, 2011; Rood et al., 2013; Otero-Garcia et al., 
2014). It will be interesting to determine if the GFP is an equally robust reporter in these 
areas. Substantial evidence further demonstrates that AVP is released by exocytosis 
fusion not only from neurohypophyseal axon terminals of AVP neurons but also from 
their dendrites and cell bodies, suggesting neural transmission by the relatively 
unexplored mechanism of ‘dendritic secretion’ (Morris & Pow, 1988; Pow & Morris, 
1989; Ludwig, 1998). However, some stimuli induce peptide release from dendrites 
without increasing the electrical activity of the cell body, and without inducing secretion 
from axonal terminals (Ludwig & Pittman, 2003; Ludwig & Leng, 2006). Soluble 
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complexes 
involved in exocytosis in many cells, including exocytosis from synapses and 
dense-cored vesicle release from neuroendocrine cells (Burgoyne & Morgan, 2003). On 
the other hands, previous study suggested that ‘dendritic secretion’ may use a different 
molecular mechanism from that described by the SNARE complex theory (Tobin et al., 
2012). Thus, the physiological roles of and controls on the novel neural transmission 




exocytosis not only from the axonal terminals but also from the dendrites and cell 
bodies of AVP neurons (Morris & Pow, 1988; Pow & Morris, 1989; Ludwig, 1998) 
remain relatively unexplored. Imaging of GFP signals in AVP-eGFP Tg rats will be able 
to visualize a response of the dendritic release of AVP against any pharmacological 
stimulation and elucidate the molecular mechanism of dendritic release. 
Copeptin (CP), a 39-aminoacid glycopeptide, is the C-terminal part of the AVP 
precursor. Activation of the AVP system stimulates CP secretion into the circulation in 
equimolar amounts to AVP. Thus, CP concentration directly reflects AVP secretion and 
can be used as a surrogate biomarker because of its stability in vivo (Bhandari et al., 
2009; Blanchard et al., 2013; Wuttke et al., 2013; Bolignano et al., 2014). Little is 
known about CP functions in vivo (Morgenthaler et al., 2006; Balanescu et al., 2011; 
Kolonko et al., 2014). In addition, there is lack model animal which can visualize in 
vivo molecular dynamics of CP. Because post-translational modification of the 
AVP-eGFP fusion gene product results in the formation of a fusion protein: CP1-14-GFP 
in vivo, AVP-eGFP Tg rats will also make it possible to examine the in vivo dynamics of 
CP by analyzing GFP signals.  
Oxytocin (OXT) is neurohypophyseal hormone family and one of 
neurohormones, as well as AVP. OXT is synthesized in neurons of hypothalamus and 
secreted from the posterior pituitary into the systemic circulation. OXT is classically 
known to induce labor through increasing uterine tone and promoting uterine 
contractions (Gimpl & Fahrenholz, 2001). Centrally released OXT is also involved in 
maternal bonding, sexual behavior, and affiliation (Pedersen et al., 2006; Higashida et 
al., 2010) and has been implicated in autism, where heightened anxiety levels and 




expresses the OXT-monomeric red fluorescent protein (mRFP) fusion gene has been 
generated (Katoh et al., 2011). In this Tg line, the mRFP is synthesized as a part of the 
precursor of OXT same as the GFP in the AVP-eGFP Tg rat line. Recently, in 
OXT-mRFP Tg rats, it is also revealed that the molecular dynamic of RFP is similar to 
native OXT (Satoh et al., in preparation). Thus, OXT-mRFP Tg rats may be a unique 
model for visualizing the molecular dynamics of OXT in vivo and for live imaging 
and/or electrophysiology of identified OXT neurons without any specific histological 
labeling. Furthermore, also in other neurohormones, it may be possible to visualize 
in vivo dynamics by expressing the fluorescent protein as a part of the precursor. 
The conventional connectome analysis using exact serial sets of ultrathin 
sections requires a time-consuming analysis at the ultrastructural level (Hayworth et al., 
2014; Henny et al., 2014; Ohno et al., 2015). In Chapter 2, the effective connectome 
analysis using high-voltage electron microscopy (HVEM) tomography has been 
developed. A novel immune-HVEM tomography applied the special heavy metal 
staining method, which was originally developed for an enhancement of the 
membranous contrast for backscattered block-face imaging using scanning electron 
microscopy (SEM), successfully visualized the three-dimensional (3-D) structure of the 
itch-mediating neural networks at the synapse level. The connectome analysis by 
HVEM tomography effectively detected numerous itch-mediating synaptic connections 
in the spinal dorsal horn in thick sections (micrometer order). It is suggested that GRP 
neurons form more complicated neural networks than expected. Taken together, these 
results indicated that spinal itch transmission is mediated through the intricate neural 




There have been recent advances of imaging techniques for 3-D reconstruction, 
including the superfine morphological structures observed with focused ion beam-SEM 
(FIB-SEM) and serial block face (SBF)-SEM (Denk & Horstmann, 2004; Briggman & 
Denk, 2006; Knott et al., 2008; Namba et al., 2015). These new devices can permit the 
3-D reconstruction of a large tissue volume, i.e., the thickness of several hundred 
micrometers, with visualization of the 3-D subcellular structures or organelles at a fine 
nanometer scale resolution. Furthermore, an electrically automatic tape-collecting 
ultra-microtome (ATUM) apparatus has also been developed in recent years (Schalek et 
al., 2011a; Hayworth et al., 2014). A critical advantage is that pre- and post-embedding 
immune-EMs are possible in extensive area by continuous ultra-thin sections with the 
ATUM/SEM. On the other hands, “HVEM tomography” might, at least in part, be 
superior than such ultra-microtome or beam-milling techniques in quick and repeated 
examinations. Moreover, HVEM tomography may also have some advantages, 
compared with the ATUM, and be more effective in the volume EM analysis with less 
failure after identification of an observation area by light microscopy. Compared with 
these 3-D SEM methods, “HVEM tomography” has the following characteristics and 
advantages: 1) quick observation of a large area, 2) less thermal denaturation, and also 
3) no tissue destruction. While the SEM-image acquisition time is limited by the 
scanning speed, “HVEM tomography” (semi-thin sections) only needs the time required 
to collect a whole tilt series of the specimen. Thus, HVEM methodology is more useful 
and effective because it correlates well between light and electron microscopes. On the 
other hand, a major advantage of other 3-D scanning electron microscopies is that it is 
possible to acquire an exact series of the high contrast images, which is the same as a 




ultra-thin sections. Thus, there are many advantages in both the new connectome 
techniques and HVEM tomography, and each technique has specific advantages. 
Moreover, the HVEM methodology used in this study is simple and can be applied in 
multiple ways. This is an important contribution to ultrastructural investigations of the 
central nervous system in the present post-genomic age. 
In conclusion, in this study, it is established a model which can visualize 
molecular dynamics such as intracellular transport and exocytosis underlying 
neuroendocrine dynamics. In addition, present study revealed part of molecular 
dynamics related to post-translational processing. Moreover, efficient connectome 
analysis was developed, and it is revealed a part of peptidergic neural network in itch 
sensory transmission by using this useful HVEM methodology. These advanced 
methods will be applicable not only to AVP and GRP but also to other neurohormones. 
The combination of an imaging model and a useful HVEM methodology will make 
inclusively visualization possible the intracellular molecular dynamics and neural 
network of neurohormones. This combinated methods would be able to elucidate the 
peptidergic control circuit for neuroendocrine dynamics basis of molecular dynamics 
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